Abstract. Strains of Chlamydomonas reinhardtii with a mutant allele at the BOP2 locus swim slowly and have an abnormal flagellar waveform similar to previously identified strains with defects in the inner arm region. Double mutant strains with the bop2-1 allele and any of 17 different mutations that affect the dynein arm region swim more slowly than either parent, which suggests that the bop2-1 mutation does not affect solely the outer dynein arms, the I1 or ida4 inner dynein arms, or the dynein regulatory complex. Electron microscopic analysis shows that bop2-1 axonemes are missing density in the inner dynein arm region. Surprisingly, two populations of images were observed in longitudinal sections of axonemes from the bop2-1 strain. In the 10 longitudinal axonemes examined, a portion of the dynein regulatory complex and a newly identified structure, the projection, are affected. In five of these 10 longitudinal axonemes exarnined, two lobes of the ida4 inner arm are also missing. By examining the cross-sectional images of wild-type and bop2-1 axonemes at each outer doublet position around the axoneme, we have determined that the bop2-1 mutation affects the assembly of inner arm region components in a doublet specific manner. Doublets 5, 6, and 8 have the most severe deficiency, doublet 9 has an intermediate phenotype, and doublets 2, 3, 4, and 7 have the least severe phenotype. The bop2-1 mutation provides the first evidence of radial asymmetry in the inner dynein arm region.
bop2-1 mutation provides the first evidence of radial asymmetry in the inner dynein arm region.
I
N the unicellular green alga Chlamydomonas reinhardtii, two flagella generate force to move the cell. The beat stroke is highly asymmetric and consists of two stages. In the effective stage, a power stroke, which travels almost entirely in two dimensions, is initiated by a single bend that forms near the base of the flagellum while the remainder of the flageHurn is straight. In the recovery stage, a threedimensional stroke is initiated near the base of the flagellum and propagates distally, leaving the flagellum in the starting position (Brokaw et al., 1982 ). An asymmetric beat stroke suggests that the flagella are structurally asymmetric. The focus of much research in recent years has been the regulation of dynein activity, but the relationship between asymmetry of the beat stroke and dynein regulation is not well understood.
Three types of asymmetry have been observed in the flagella of C reinhardtii. Asymmetries have been reported among specific outer doublets of the flagella (radial asymmetry), along the length of the flagella (proximal/distal asymmetry), and between the two flagella (cis/trans asymmetry). For example, outer doublets 1, 5, and 6 are different from the other outer doublets. Doublets 1, 5, and 6 contain a B-tubule projection, which extends partially across the lumen of the microtubule (Hoops and Witman, 1983) . These three doublets are located in the plane of the power stroke; doublets in these positions are predicted to exhibit the least microtubule sliding relative to their neighbors during the power stroke (Hoops and Witman, 1983) . Several mutant strains (mbol,2,3) , which are missing the B-tubule projections from doublets 5 and 6, are able to swim only backwards and the flagella utilize a sinusoidal waveform that is similar to sperm flagella waveforms (Segal et al., 1984) . A twomembered cross-bridge that extends from doublet 1 towards doublet 2 and the absence of an outer dynein arm from over 90% of the length of doublet 1 are two additional radial asymmetries (Hoops and Witman, 1983) . The second flagellar asymmetry exists between regions that are proximal to the basal bodies and regions that are distal. Several of the high molecular weight (HMW)~ inner arm dynein chains are hypothesized to be localized to specific regions of the flagella. Electron microscopic and biochemical examinations of partially extracted axonemes suggest that HMW polypeptide 3' is present in proximal but not in distal portions and the HMW polypeptide 2 is localized predominantly to proximal regions of the axoneme The cis axoneme is more active at 10 -9 M Ca 2+ whereas the trans axoneme is more active at 10 -7 M Ca 2+ (Kamiya and Witman, 1984) . No biochemical or morphological difference between the two flagella has been reported.
We have characterized a mutation in C. reinhardtii that is involved in the control of flagellar waveform (Dutcher et al., 1988 ). The bop2-1 strain was isolated as an extragenic suppressor of the motility phenotype observed in a pflO strain (bop = bypass of paralysis). The bop2-1 strain exhibits a swimming phenotype that is similar to those of inner dynein arm region mutant strains. Flagellar axonemes from the bop2-1 strain are missing a 152-kD phosphoprotein that was not localized previously to a particular axonemal structure.
Electron micrograph analyses of bop2-1 axonemes demonstrate that this mutation affects the assembly of inner arm region components in a doublet specific manner. The bop2-1 mutation provides the first evidence of radial asymmetry in the inner dynein arm region of the flagella.
Materials and Methods

Microscopic Techniques
Slides were prepared and phase microscopy was performed as described previously (Inwood, 1985) . The swimming patterns of cells and flngellar movements were observed and recorded on a Zeiss Universal microscope using darkffeld optics with a 16x or 40× Plan objective and an oil darldield condenser (NA = 1.2-1.4). Samples were illuminated by a xenon lamp powered by a Chadwich Helmuth model 136 power supply. The power supply, kindly supplied by E. D, Salmon (University of North Carolina, Chapel Hill, NC), was pulsed by a Grass Instruments pulse generator for stroboscopic effects. Images were recorded with a 35 mm Nikon camera on Tri-X film.
Gel Electrophoresis
Tg~limensional SDS-PAGE was performed as previously described . In the 32p analysis of wild-type and bop2-1 axonemes, cells were harvested from low-phosphate medium plates into nitrogen-free, phosphate-free medium and then incubated for 10 rain with [32p]orthophospboric acid at a ratio of 1 mCi/109 ceils (Segal et al., 1984) . Over 90% of the radiolabel was taken up by the cells. One-dimensional Neville gels with a 4-8% acrylamide gradient were prepared as in Adams et al. (1981) . Autoradiography was performed as described by Segal et al. (1984) . Gels were silver stained by the method of Blum et al. (1987) or the method of Merrill et ai. (1981) with the following modifications. Gels were washed three times for 30 s each after potassium dichromate treatment; they were left for 45 min in bright light in the silver nitrate solution; and a wash with sodium carbonate preceded the wash with sodium carbonate and formaldehyde. After staining, these gels were photographed in a 2 % glycerol solution with a Wratten No. 8 filter and then dried onto a dialysis membrane. Molecular weights were calculated from the MW-SDS-200 standards from Sigma Chemical Co. (St. Louis, MO).
Dikaryon Rescue Experiments
Temporary dikaryons were constructed as described in Dntcher et al. (1984) . For the biochemical analysis of the dikaryons, a wild-type parent was grown on solid medium with a reduced concentration of sulfate and the second parent (bop2pflO) was grown on similar medium containing 25 mCi of [35S]sulfuric acid/liter for 3 d at 25°C in constant light (25 ~tE/m2/s) and then for 2 d at 21°C in subdued light (8/zE/m2/s). Cells of each strain were harvested into nitrngen-free medium at a density of ,~1 x 107 cells/ml and allowed to differentiate for 5 to 18 h. The gametes of opposite mating types were mixed. After 10 rain, anisomycin was added to 60 #M to inhibit protein synthesis. (Anisomycin was a gift of Pfizer, Inc., Groton, CT). After 1 h, flagellar axonemes were isolated as described previously (porter et al., 1992) . Because only 30% of the cells mated in the experiment, overexposures of the autoradiograms were examined.
Reversion Analysis
A bop2-1 oda9 enh2 parental strain was mutagenized by ultraviolet irradiation to 80% survival (Dntcher et al., 1988) . oda9 is a mutation that affects the assembly of the entire outer dynein arm (Kamiya, 1988) and enh2 is a mutation found in our stock collection that enhances the phenotype of the bop2-1 oda9 double mutant strain, bop2-1 oda9 strains swim slower than either parental strain and enh2 has no phenotype alone or with bop2-1 or oda9, singly. Enrichment screens for swimming cells were performed by transferring 10% of the medium near the meniscus to new medium. Once transferred, the cells were allowed to grow to ,vl x 106 ceils/ml and the procedure was repeated. After four rounds of enrichment, cells were plated for single colonies and the swimming phenotypes were analyzed. To identify intragenic reversion events at one of the three loci, the strains were crossed by a wild-type strain. Between 6 and 18 tetrads were analyzed for each strain with an average of 13,7 tetrads. Intragenic revertants or extragenie suppressors that are closely linked to bop2-1, oda9, or enh2 should produce tetrads with four meiotic progeny that swim and no meiotic progeny that fail to swim. The revertants that produced all swimming progeny were crossed to three additional strains (bop2-1, oda9, and oda9 enh2) and the meiotic progeny were analyzed to determine the locus where reversion may have occurred. Intragenic revertants at the BOP2 locus (or closely linked extragenic suppressors) would produce meiotic progeny that cannot swim only when crossed to the bop2-1 tester, which could generate bop2-1 oda9 enh2 progeny. Events at or near the ODA9 locus would give rise to nonswimmers when crossed to either the oda9 or oda9 enh2 tester, and events at or near the ENH2 locus would give rise to nonswimmers only when crossed to the oda9 enh2 tester.
Electron Microscopy, Digitization, and Averaging Techniques
Axonemes were prepared for electron microscopy as described in . Sections of 60-nm nominal thickness were used for the crosssectional analysis; 40-nm sections were used for the longitudinal analysis. All microscopy was performed on a Philips CM10 electron microscope (Philips Electronic Instruments Co., Mahwah, NJ) operating at 80 kV. The methods for selecting, digitizing, averaging, normalizing, and comparing cross-sectional outer doublets were as described previously (Mastronarde et al., 1992) . Sample averages were obtained from 50 to 100 outer doublets selected from each preparation. To control for preparation variability, averages from at least five different preparations of the same strain were normalized on the optical density of the outer dynein arms and combined to obtain a grand average (Mastronarde et al., 1992) .
To obtain cross-sectional average images for any particular doublet, we identified and grouped corresponding microtubule doublets from the nine positions around the axoneme. Doublet 1 was identified by the absence of an outer dynein arm. In images where we could see B-tubule projections, the doublet identified as doublet 1 by the absence of the outer dynein arm always correlated with doublet 1 as identified by the location of the B-tubule projections. A computer program written by Dr. David Mastronarde (Boulder Laboratory for 3-D Fine Structure, Boulder, CO) was then used to identify and average doublets from the other eight positions. Individual outer doublet averages and group outer doublet averages, which are comprised of any subset of individual outer doublet averages, were then compared in an analysis of variance as described below. Images of doublet 1 could not be normalized on the density of their outer dynein arms since this structure is missing. Images of doublet 1 were therefore normalized on the basis of individual microtubule pmtufilaments (Mastronarde et al., 1992) . 12% of axonemal cross-sections did not have a clear doublet 1 and these images were not included in the analysis of radial asymmetry.
The techniques used for digitizing and averaging the longitudinal images and the methods for comparing images were as described in Mastronarde et al. (1992) . We selected images of axonemes with clear outer arms, radial spokes, and five or more of the 96-nm inner arm region repeating units. The selected repeating units from each longitudinal image were aligned and averaged to provide an individual axoneme average. Either a subset or all of the individual e.xoneme averages from a particular strain were then aligned and averaged together to give a longitudinal group or grand average, respectively.
Quantitative comparisons between wild-type and bop2-1 averages were performed for both cross-sectional and longitudinal images. Difference images were obtained from a pixel-by-pixel nested analysis of variance (Mastronarde et al., 1992) . For the cross-sectional difference images, differences not significant at the 0.05 level were set to zero. For the longitudinal difference images, differences not significant at the 0.0025 level were set to zero. During the course of our work, it came to our attention that the longitudinal model published in Mastronarde et al. (1992) was a vertical mirror image of the correct orientation of inner ann region structures. The dynein arm structures in the figures of Mastronarde et al. 0992) should be interpreted as protruding through the back of the microtubule instead of extending toward the viewer as was originally presented. The longitudinal images and models in this paper are correctly orientated with the proximal regions of the 96-nm repeats to the left and the dynein arm structures extending toward the viewer.
Other Methods
The media for culturing cells were as described previously (Holmes and Dutcher, 1989) . Many of the mutant strains were kindly provided by Dr. Elizabeth Harris of the Chlamydomonas Genetics Center (Duke University, Durham, NC). The ida/ and ida4 strains were provided by Dr. Ritsu Kamiya (University of Tokyo, Tokyo, Japan). The wild-type strain used throughout this v~rk was strain 137c (CC-125). Genetic analysis was performed essentially as described by Levine and Ebersold (1960) and Harris (1989) .
Results
Phenotypic Analysis
The bop2-1 mutation was isolated as an extragenic suppressor that restored partial motility to the pflO mutant strain (Dutcher et ai., 1988) . pflO mutant cells have an altered flagellar waveform; the beat stroke is nearly symmetric and the cells are unable to move forward (Inwood, 1985) . In the pflO bop2-1 double mutant strain, the cells swim with a velocity of 88 :t: 15 #m/s (n = 50 cells) compared to a velocity of 176 + 7 ftm/s (n = 50 cells) for wild-type cells, bop2-1 cells swim with a velocity of 102 + 10 #m/s (n = 50 cells) and exhibit a flagellar waveform that resembles the pattern observed in previously characterized inner arm region mutaut strains (Brokaw and Kamiya, 1987; Kamiya, 1988; Porter et al., 1992) . The BOP2 locus maps to a previously unidentified locus on linkage group IV (Dutcher et al., 1988) .
Genetic Interactions of the bop2-1 Mutation
We performed epistasis tests with bop2-1 and other flageilar mutations. Since the bop2-1 strain had a motility phenotype similar to other dynein region mutant strains, double mutant strains were constructed with four classes of dynein region mutant strains. We examined representative alleles at each of 10 loci that fail to assemble outer dynein arms, alleles at three loci that fail to assemble a complete dynein regulatory complex (drc), alleles at one locus that fail to assemble the U inner dynein arms, and one allele that fails to assemble the inner dynein arms affected by the ida4 mutation. In all cases, the double mutant strains have a new phenotype. The double mutant strains have a reduced velocity compared with either parental strain ( Table I) McVittie, 1972 , Huang et al., 1982b , Kamiya, 1988 ODA, outer dynein arms; DRC, dynein regulatory complex; IDA, inner dynein alTns. et al., 1977; Huang et al., 1979; Adams et al., 1981; Dutcher et al., 1984; and Luck and Piperno, 1989. CP, central pair; CPP, central pair projections; RS, radial spokes; IDA, inner dynein arms; ODA, outer dynein arms, ND, not determined.
were tested (Table ID . In all cases, the double mutant strains were paralyzed, so the bop2-1 mutation does not act as a by-
pass suppressor of the mutations tested.
Biochemical Phenotype of bop2-1 Axonemes
We examined bop24 axonemes by two-dimensional SDS-PAGE to determine if a biochemical phenotype existed. Both wild-type and bop2-1 ceils were labeled with [3sS]sulfuric acid and flageilar axonemes were isolated. A single prominent polypeptide present in wild-type axonemes is missing from bop24 axonemes (Fig. 1) . This polypeptide has a molecular weight of 152 kD and an isoelectric point of 6.2 and is not missing in any previously characterized mutant strain. We examined axonemes from the progeny of tetrads from a bop2-1 x wild-type cross that had been incubated with
[32p]orthophosphoric acid to ask if the 152-kD polypeptide is present in axonemes in a phosphorylated form. The axonemes were analyzed by one-dimensional PAGE. A 152-kD polypeptide was present in wild-type segregants and absent in bop2-1 segregants (Fig. 2) . It is likely that the 152-kD polypeptide is present only in a phosphorylated form in the axoneme since only one spot is observed by 35S twodimensional SDS-PAGE of wild-type axonemal polypeptides in this region (Fig. 1) . Therefore, the bop2-1 mutation results in the loss of a single 152-kD phosphoprotein from the axoneme. Cosegregation of the biochemical and flagellar phenotypes was assayed in meiotic progeny from a bop2-1 prO x wildtype cross. When analyzed by one-dimensional PAGE, the 152-kD polypeptide was missing from eighteen independent meiotic progeny that exhibited the bop2-1 motility phenotype and each of these strains was able to suppress thepflO mutation in an additional cross (data not shown). Therefore, the motility, suppression, and biochemical phenotypes cosegregate with the bop2-1 mutation and are at most 5.3 centimorgans apart.
Biochemical Phenotype of Double Mutant Strains
We examined the biochemical phenotype of several double axonemes that are not present in axonemes from wild-type or either of the single mutant strains (Fig. 3) . These new polypeptides have apparent molecular weights of 100,000 and 97,000. The extra polypeptides were present in axonemes from ten independent meiotic progeny with three different pJ9 alleles (pfg-1, pig-2, and idal-98) . Axonemes from bop24 ida4 and bop24 pf3 strains do not have any additional polypeptides and only the 152-kD polypeptide and the polypeptides normally deficient in the ida4 or pf3 axonemes are missing (data not shown). It is interesting that axonemes from the drc mutant strain, suppfl, also contain two novel polypeptides (•50 and 58 kD) and that no other mutations show a stable incorporation of novel polypeptides in the axoneme. No evidence for a role of proteolysis has been presented in the assembly or regulation of flagellar function.
Dikaryon Rescue Analysis
Dikaryon rescue experiments in Chlamydomonas have provided evidence about gene-gene product relationships (Luck et al., 1977; Dutcher et al., 1984 ). An analysis of temporary dikaryons was used to examine the relationship between the suppression of the pfl0 motility phenotype and the 152-kD polypeptide. Dikaryons were examined from three different matings, BOP2 pflO x BOP2 PFIO, bop2-1 pflO x BOP2 PFIO, and bop2-1pflO x BOP2 pflO (Table Ill) . Examination of the flagellar beat strokes in quadriflagellate zygotic cells from the BOP2 pflO x BOP2 PFIO mating showed that pflO and wild-type flagella maintain different beat strokes in temporary dikaryons, as previously observed (Dutcher, 1986) .
However, in bop2-1 pflO x BOP2 PFIO and bop2-1 pflO x BOP2 pflO dikaryons, the suppression of the pfl0 phenotype by the bop2-1 mutation is lost within one hour in two of the four flagella. Presumably, the wild-type BOP2 gene product is present in the cytoplasm of the BOP2 parent, and incorporation into the flagella results in the loss of suppression.
Therefore the bop2-1 allele is recessive to the wild-type allele in dikaryons as well as in heterozygous diploid strains (Dutcher et al., 1988) .
To determine if the 152-kD polypeptide is present in the bop2-1 pflO cytoplasmic pool of axonemal proteins, we mated 35S-labeled bop2-1 pflO ceils with unlabeled BOP2 PFIO cells and isolated the axonemes from the heterozygous dikaryons one hour after mating. The recovery of the pfl0 phenotype in dikaryons is not accompanied by the appearance of a labeled 152-kD protein on one-dimensional gels (data not shown). This result implies that the 152-kD phosphoprotein is not available from the cellular pool of labeled polypeptides contributed by the bop2-1 pflO cells.
Reversion Analysis
We performed a reversion analysis of the bop2d allele with the goal of identifying the gene product of this locus. We hoped to find pseudorevertants that would have an altered biochemical phenotype compared to both the wild-type and original mutant strains (Luck et al., 1977) . Since revertants of the bop24 slow swimming phenotype would be difficult to identify without a laborious microscopic screen, we mutagenized a mutant strain that had a synthetic phenotype. The triple mutant strain that contains bop2-1, the outer dynein arm mutation oda9, and a third mutation enh2, has very few motile cells in the supernatant when grown in the presence of 25 #E/m2/s of white light and forms a pellet that contains primarily aflagellate cells. We screened for new mutational events that restored motility to this triple mutant strain as as- sayed by the presence of cells in the supernatant of liquid medium. 53 independent revertants were isolated and analyzed as described in Materials and Methods. 38 of the 53 revertants contained extragenic suppressors. One strain appeared to be an intragenic revertant at the ENH2 locus. The remainder (n = 14) appeared to be intragenic revertants at the ODA9 locus. Since no bop2-1 revertants were found, the reversion analysis was unable to provide evidence about the gene product of the BOP2 locus.
Structural Phenotype of the bop2-1 Strain
Axonemes from bop2-1 cells were examined by electron microscopy to see if they displayed a structural phenotype. Because the motility phenotype of the bop2-1 strain is similar to that of previously characterized inner arm region mutant strains, we focused our analysis on this region. Axonemes from wild-type and bop2-1 strains were examined as described in Materials and Methods. The grand averages of cross-sectional images from these strains are shown in Fig.  4 (a and b) . From a comparison of the contour lines in the inner arm region in Fig. 4 (a and b) , a loss of density is apparent in the bop2-1 grand average compared to the wildtype grand average. A difference image between the wildtype and bop2-1 grand averages shows that two lobes of density are missing in bop2-1 axonemes compared to wild-type axonemes (Fig. 4 c) . The more severe loss falls in the inner domain of the inner arm region and an additional loss is located near the base of the inner ann region. The bop2-1 structural phenotype is statistically different from the phenotypes of axonemes from the pf23, pf9, ida4, or pf2 mutant strains, which also have defects in the inner arm region (data not shown; Mastronarde et al., 1992) . Therefore, the bop2-1 allele represents a new class of mutation that affects the structure of the inner arm region.
We performed a longitudinal analysis of axonemes from the bop2-1 strain to ask which of the major lobes of density within each 96-rim repeating unit of the inner arm region were affected. The grand averages from wild-type and bop2-1 longitudinal images are shown in Fig. 5 (a and b) , respectively.
A different image between the wild-type and bop2-1 grand averages shows that the bop2-1 axonemes are deficient in four structures (Fig. 5 c) . Structure 1 (hereafter called the projection) extends distally between lobe 4 (described below) and the outer domain of the inner arm region, is lightly stained, and was not identified previously (Mastronarde et al., 1992) . Structure 2 is a portion of the drc and was missing inpf2 axonemes. Structure 3 is a portion of the most distally located ida4 structure in the 96-nm repeat (Mastronarde et al., 1992 , 1992) . Thus, the bop2-1 mutation affects the assembly of one newly identified structure and three previously characterized structures. A conspicuous feature of the individual longitudinal averages obtained from bop2-1 axonemes was the heterogeneity of the phenotypes. Of the 10 bop2-1 individual axoneme averages, five were missing the lobe 4 density and five contalned the lobe 4 density. The lobe 4 density was present in all nine wild-type individual axoneme averages. In the bop2-1 axonemes whose individual averages were missing lobe 4 density, the density was missing in all of the repeats. In the axonemes whose individual averages contained lobe 4 density, the density was present in all of the 96-nm repeats (data not shown). One individual axoneme average from bop2-1 axonemes that is deficient for lobe 4 is shown in Fig.   5 d and two individual axoneme averages that contain lobe 4 are shown in Fig. 5 (e and f ) . Because of the heterogeneity in individual axoneme averages, we averaged the bop2-1 axonemes that contained or lacked the lobe 4 density to define the fine structure of both classes of axonemes. The group average of the five axonemes that contained the lobe 4 density and a difference image compared to wild-type are shown in Fig. 5 (g and h) . There was no significant difference from wild-type structure in either lobe 4 or the distally located ida4 density. The group average of the five axonemes that lack lobe 4 density and a difference image compared to wild-type are shown in Fig. 5 (i and j) . In this subset, in addition to lobe 4, the more distally located ida4 structure is also deficient. Both sets of bop2-1 axonemes are deficient for a portion of the drc and for the projection. Thus, the longitudinal grand average was a composite of axonemes missing a portion of the drc and the projection and axonemes missing those structures and two ida4 inner arm structures.
Inner Arm Region Asymmetry Revealed by the bop2-1 Mutation
Two alternative models could explain the heterogeneity in the longitudinal images of bop2-1 axonemes. First, the loss of structure in bop2-1 axonemes could be a result of random loss of inner arm region structures. In this scenario, the deficiencies in the axonemes would not correlate to known flagellar asymmetries. In the second model, the loss of structure in bop2-1 axonemes could be revealing one of the three inherent asymmetries in the axoneme; these are the radial, proximal/distal, and cis/wans asymmetries.
The longitudinal images do not contain sufficient positional information to determine if the heterogeneity correlates with one of the known asymmetries. However, crosssectional images contain morphological markers for both radial and proximal/distal asymmetries. Therefore we reanalyzed the cross-sectional images to determine if a correlation existed between an axonemal asymmetry and the two classes Figure 6 . Integrated intensities of the whole inner arm region for wild-type and bop2-1 axonemes at each outer doublet position. The integrated intensities are expressed as the percentage of the mean intensity for all wild-type doublets. Each data point presents the mean intensity at a position around the axoneme. The number of wild-type doublets averaged at positions 2 through 9 around the axoneme were 34, 37, 34, 28, 26, 28, 36 , and 39, respectively. The number of bop2-1 doublets averaged at positions 2 through 9 around the axoneme were 37, 44, 33, 33, 40, 36, 37, and 41, respectively. Error bars are 74% confidence limits. A nested analysis of variance of the whole inner arm was performed between wild-type and bop2-1 at each doublet position; bop2-] doublets, 5, 6, 8, and 9 were found to be significantly different at the 0.05 level of significance.
The integrated intensities of all wild-type (n = 268) and all bop2-1 (n = 301) doublets arc shown on the far right for comparison.
arm and contains a two-membered cross-bridge and a B-tubule projection (Hoops and Wi~lan, 1983) . Images from each specific outer doublet were pooled, aligned, averaged, and normalized to provide grand averages for each outer doublet position. A comparison of the integrated intensifies of the whole inner arm region of doublets 2-9, individually and combined, from both bop2-1 and wild-type axonemes is shown in Fig. 6 . Our analysis shows that bop2-]
outer doublets 5, 6, 8, and 9 contain significantly less inner ann region intensity than the corresponding wild-type doublets, bop2-1 outer doublets 2, 3, 4, and 7 do not have significantly less intensity than the corresponding wild-type doublets even though the average intensity of these bop2-1 outer doublets is less than the wild-type average (see below).
Thus, it appears that the bop2-1 mutation affects the assembly of inner arm region structures in a doublet specific manner. The bop2-1 mutation provides the first evidence of radial asymmetry in inner arm region structures. While the analysis above shows that inner ann region structure in outer doublets 5, 6, 8, and 9 is affected in bop2-1 axonemes, we wanted to know if the affected doublets carried equivalent deficiencies. First, we compared the structure of wild-type doublets 5, 6, 8, and 9 to wild-type doublets 2, 3, 4, and 7. Except for the presence of the B-tubule projections (present in doublets 5 and 6), no differences were present between these two group averages (data not shown). We then generated individual doublet averages for bop2-1 doublets 5, 6, 8, and 9 and compared them to the overall grand average from all the wild-type outer doublets. Difference images are shown in Fig. 7 (a-d) . bop2-] outer doublets 5, 6, and 8 are missing intensity in both lobes whereas bop2-I doublet 9 is missing intensity only from the lobe in the inner domain (compare Figs. 4 c and 7, a-d) . We also generated a difference image between a group average of bop2-1 outer doublets 5, 6, 8, and 9 and the overall wild-type outer doublet grand average (Fig. 7 e) . This difference image is quite similar to the image obtained when the bop2-1 grand average is compared to wild-type (compare Figs. 4 c and 7 e). Therefore, the bop2-1 outer doublets with significantly less intensity in the inner arm region (Fig. 6 ) can be put into two classes with doublets 5, 6, and 8 missing more inner arm region density than doublet 9. Even though the entire inner arm region intensities of doublets 2, 3, 4, and 7 from bop2-1 axonemes are not significantly less than the intensities in the corresponding wild-type doublets (Fig. 6) , we examined the structure of these doublets as a group. The inner arm region structure of bop2-1 doublets 2, 3, 4, and 7 was compared to the wild-type grand average and a difference image is shown in Fig. 7 f This difference image shows that doublets 2, 3, 4, and 7 exhibit a less severe deficiency in the inner arm region. It is likely that this less severe deficiency did not show up in the analysis shown in Fig. 6 because our first analysis compared the entire inner ann region intensity between bop2-1 and wild-type axonemes and the second analysis compared the inner arm region structure pixel-by-pixel. We also examined the structure of doublet 1 from wildtype and bop2-1 strains to determine if the bop2-1 mutation affects the morphology of doublet 1. The morphology of doublet 1 is clearly different from the structure of the other eight doublets (Mastronarde et at., 1992) . Further complexity may exist in the biochemical composition of doublet 1 since (n = 150). Differences not significant at the 0.05 level of confidence were set to zero. Bar, 10 nm.
two classes of doublet 1 morphology are present along the length of the doublet. We did not include the doublet 1 images that contained the two-membered cross-bridge in our analysis because of the large variability this would introduce.
Cross-sectional images from wild-type and bop2-1 axonemes were normalized on the microtubule doublet, rather than the outer dynein arm, and then compared as described previously. We constructed a difference image between wildtype doublet 1 (n = 22 images) and bop2-1 doublet 1 (n = 29 images) averages. No differences were present between the two images (p = 0.214). Therefore, the bop2-1 mutation does not affect the structure of the inner arm region of doublet I.
Our analyses have identified three classes of bop2-1 doublets. The class with the most severe phenotype is comprised of doublets 5, 6, and 8. Doublet 9 has an intermediate phenotype and doublets 2, 3, 4, and 7 have the least severe phenotype. Therefore, not only does the bop2-1 mutation affect the assembly of inner arm region structures differently in specific doublets, but there are several different degrees of severity.
We examined the structural phenotype of bop2-1 axonemes from proximal and distal/medial regions of the axoneme. 38 % of the bop2-1 images were from proximal regions of the axoneme as defined by the presence of either B-tubule projections or the two-membered cross-bridge. The proximal and the distal/medial regions of the axoneme contain equal percentages of affected outer doublets, and a comparison between the images of bop2-1 doublets from these regions shows no differences (p = 0.120). Therefore, the structures affected in the bop2-1 strain are not correlated to a known proximal/distal asymmetry.
Discussion
The Structural Phenotype of bop2-1 Axonemes The bop2-1 mutation affects the assembly of several structures in the inner dynein arm region and reveals a new asymmetry in the inner arm region. In cross-sectional images, doublets 5, 6, and 8 have the most severe phenotype, doublet 9 is intermediate, and doublets 2, 3, 4, and 7 have the least severe phenotype (Fig. 7) . A subset of the density missing in doublets 5, 6, and 8 is missing in all the other doublets.
We have attempted to correlate the radial asymmetry that we observe in cross-sectional images with the heterogeneity that we characterized in the individual longitudinal images (Fig.  8) . Four inner ann region densities are missing in the most defective longitudinal images; these include two of the densities missing in ida4 axonemes, a portion of the drc, and the projection (Fig. 5 j) . These images are likely to be of doublets 5, 6, and 8, which have the most severe defect in the cross-sectional analysis (Fig. 8 b) . The remainder of the longitudinal images are missing a portion of the drc and the projection (Fig. 5 h) . We propose that these images are of doublets 2, 3, 4, and 7, which have a less severe defect (Fig.  8 c) . Doublet 9 has an intermediate phenotype in the crosssectional images and we do not see an intermediate phenotype among the longitudinal images. It is possible that we have not sampled doublet 9 among the 10 longitudinal ira- ages examined (p = 0.26). Alternatively, the longitudinal image of doublet 9 may not be different enough from the images of doublets 2, 3, 4, and 7 to be detected in the longitudinal analysis of an individual axoneme. Our analyses are quite convincing that radial asymmetry alone accounts for the classes of cross-sectional and longitudinal morphologies. The projection occupies an interesting position between a structure missing in ida4 axonemes and an unidentified structure in the inner ann region that is likely to be a different dynein species. Kagami and Kamiya (1992) purified inner arm axonemal HMW dyneins into seven fractions that contain eight biochemically definable HMW dyneins. Mutational and structural analyses have shown that five of these HMW dyneins are likely to comprise that I1 and ida4 inner dynein arms. The remaining three HMW dyneins are not missing in any known mutant strains; they are likely to be located in the two unidentified structures in the longitudinal view of the axoneme (Fig. 8 a) . Thus the projection could play a role in the binding or regulation of dynein subspecies, transmitting signals between different dyneins, or be a part of a dynein.
Biochemical Analysis of bop2-1 Axonemes
Although four structures are missing or reduced in bop2-1 axonemes, only a single polypeptide is completely missing. It is a phosphoprotein with an apparent molecular weight of 152,000 that is not missing in any of the previously described flagellar mutant strains. We did not observe the complete loss of any known ida4 or drc polypeptides (Huang et al., 1982b; Kamiya et al., 1991; Piperno et al., 1992) but it is possible that these polypeptides are reduced. Based on the longitudinal image data, we have considered three potential locations for the 152-kD polypeptide; they are the ida4 inner arms, the drc, and the projection. We consider the ida4 inner arms and the drc to be unlikely locations as this polypeptide is not missing in axonemes from the ida4, pf2, orpf3 strains.
Further evidence against a drc location is that the 152-kD polypeptide is extractable by treatment with high salt (Inwood, 1985) whereas the components of the drc are not extractable by high salt (Piperno et al., , 1992 . Thus, it seems likely that the 152-kD polypeptide may be a component of the projection. Given the likely location and the extractability of the 152-kD polypeptide, it is possible that it could be part of one of the three uncharacterized dynein species (Kagami and Kamiya, 1992) . We have attempted to ask if the 152-kD polypeptide is the gene product of the BOP2 locus using both dikaryon rescue analysis and reversion analysis. We failed to find any intragenie reversion events at the BOP2 locus from the reversion analysis. The results of the dikaryon analysis are consistent with the 152-kD polypeptide being the gene product of the BOP2 locus. However, an alternative explanation for the dikaryon analysis results is that the 152-kD polypeptide is not the gene product but is assembled into a complex in the cytoplasm that requires the Bop2 gene product for stability.
Results from Luck and Piperno (1989) and Porter et al. (1992) on other dynein mutations support this second model.
The identification of the gene product of the BOP2 locus must await further genetic and molecular analyses.
Genetic Analysis of the bop2-1 Mutation
The bop2d allele was identified as a suppressor of the nonswimming phenotype of the pflO mutation (Dutcher et al., 1988) . Only one bop2 allele was found among 70 independent extragenic suppressors of pflO and this allele was one of only 13 suppressor mutations that was able to suppress in the absence of light (Dutcher et al., 1988 allele makes a product with partial or altered activity or is a null allele and makes no product.
Role of Radial Asymmetry in FlageUar Motility
To use the asymmetric waveform it is necessary to activate and inactivate the dynein arms in a specific pattern radially around the axoneme (Omoto and Kung, 1979; Fox and Sale, 1987) . It is unlikely that this asymmetrical activation/inactivation is achieved simply through the outer dynein arms. Structural, biochemical and genetic analyses have suggested that the outer dynein arms are structurally equivalent and the waveform of oda-mutant strains is not altered from that of wild-type axonemes Mitchell and Rosenbaum, 1985; Brokaw and Kamiya, 1987; Kamiya, 1988) . However, the motile flagellar mutant strains with defects in the assembly of inner arm dyneins or in the dynein regulatory complex have waveforms that are more sinusoidal in appearance than the asymmetric waveforms of wild-type axonemes (Brokaw et al., 1982; Brokaw and Kamiya, 1987) . A complete complement of structures in the inner arm region may be necessary for asymmetric waveforms. In wild-type axonemes this asymmetrical activation is likely to be imposed on the inner dynein arms at least in part by the interactions of the central pair microtubules and radial spokes. This statement is supported by three observations. First, in vitro reactivated axonemes with extruded central pair microtuboles produce a symmetric waveform (Hosokawa and MikiNoumura, 1987) . Second, when paralyzed mutant strains that lack radial spokes are suppressed by mutations in the drc, they show a symmetric waveform (Brokaw et al., 1982; Brokaw and Kamiya, 1987) . Finally, Smith and Sale (1992) have shown that the radial spokes modify the inner dynein arms; the in vitro activity of isolated inner dynein arms as monitored by rates of microtubule sliding is slower when inner arms are isolated from axonemes with mutant radial spokes compared to wild-type axonemes. Therefore, morphological and biochemical asymmetries in the inner dynein arms may provide one way to generate the characteristic asymmetric waveform. Given the biochemical complexity of the dyneins in the inner arms (Kagami and Kamiya, 1992) , they are clearly a reasonable site for this type of control. Four radial asymmetries have now been identified. These are the B-tubule projections, the two-membered crossbridge, the absence of outer dynein arms, and the inner arm region structures described in this work. The two-membered cross-bridge and the B-tubule projections, because of their localization to the proximal portions of outer doublets and their location in the beat plane of the flagella, are ideal candidates for structures that are involved in the control of the planar power stroke with the correct spatial orientation. The absence of outer dynein arms from doublet 1, along with the two-membered cross-bridge, may act to prevent effective microtubule sliding between doublets 1 and 2 along the length of the axoneme. One possible role for radial asymmetry in the inner dynein arm region may be to allow certain subsets of arms to function as units in the generation of force (Sale, 1986; Lindemann et al., 1992) .
Identification of radial asymmetries in both sea urchin and rat sperm flagella supports the hypothesis that different groups of outer doublets may function as a unit in the generation of force. Sea urchin and rat sperm flagella use the sinusoidal beat pattern exclusively, whereas this pattern is observed rarely in Chlamydomonas flagella. Two functional outer doublet groups have been identified in sea urchin sperm flagella; one group contains doublets 8, 9, 1, 2, 3, and the central pair whereas the other group contains doublets 4, 5, 6, and 7 (Sale, 1986) . Three functional outer doublet groups have been identified in rat sperm flagella; the first group contains doublets 9, 1, and 2, a second group contains doublets 4, 5, 6, and 7, and the final group contains doublet 8, the central pair complex, and doublet 3 (Lindemann et al., 1992) . In each of the sperm flagella, the organization of the functional groups is thought to promote microtubule sliding only in the plane of the sinusoidal beat. A second difference between the sperm flagella and Ch/amydomonas flagella is that both sea urchin and rat sperm flagella contain central pair complexes that do not rotate. In contrast, Chlamydomonas flagella contain a central pair complex that rotates and is thought to regulate specific doublet dyneins in a spatial and temporal manner (Kamiya, 1982; Kamiya et al., 1982) . A complex pattern of dynein activation and inactivation would be required to generate both a planar power stroke and a three-dimensional recovery stroke. Therefore, while the three classes of affected bop2-1 doublets do not fit into a pattern as simple as those seen in the sperm flagella, outer doublets 5, 6, 8, and 9 may also be members of one or more functional outer doublet groups. The effect of the bop2-1 mutation may be to disrupt the structure of a subset of outer doublet functional groups that are required to work in coordination in the complex Chlamydomonas flagellar beat pattern.
